We study a dynamical model of a system with two disparate energy scales, and focus on the kinetics of phase separation. In this model, nearest-neighbor monomers can interact with one of two quite distinct energies, thereby describing a system with, e. g., van der Waals and hydrogen bond interactions. While the model has been described by an efFective Ising model in equilibrium, the nonequilibrium dynamics of phase separation have never been explored. Here we use Monte Carlo computer simulations of spinodal decomposition to show that the model exhibits "pinning" of the structure factor, a behavior also seen in phase-separating polymer gels and binary alloys with impurities. The rate of strong bond formation depends on an entropic parameter 0, and we fInd both the pinned domain size and the crossover time between "normal" spinodal decomposition and the pinning scale with 0 as power laws with exponents that relate simply to the usual growth exponent.
I. INTRODUCTION
Investigation of the phenomenon of spinodal decomposition has been a focus of attention for many years [1, 2] . Specifically, the kinetics and resulting morphology of binary mixtures -such as alloys and polymer blendsundergoing phase separation via spinodal decomposition is of both technological and fundamental importance. During spinodal decomposition, a binary mixture that is suddenly quenched into the unstable region will develop long-wavelength fluctuations in concentration that grow with time. As the mixture evolves toward its new equilibrium state consisting of two homogeneous phases, the strong nonlinearity of the spinodal decomposition process produces an interconnected morphology that coarsens with time. In many situations, however, competing phenomena may interfere with phase separation. For example, it has been suggested that binary alloys undergoing continuous ordering or spinodal decomposition in the presence of quenched impurities do not exhibit the usual power-law domain growth, but instead display extremely slow nonalgebraic domain growth [3 -6] .
Theoretical models such as the Ising lattice gas model [7] , time-dependent Ginzburg-Landau models [8] and, most recently, cell dynamical models [9] have successfully elucidated the basic spinodal decomposition process observed in pure binary mixtures. Recently, a number [4, 10, 11] , spinodal decomposition in alloys with mobile vacancies [12] , and spinodal decomposition of a binary fluid within a rigid gel [13] . Ginzburg-Landau models have been used to study spinodal decomposition of binary fluids both with surfactants [14] and within a rigid, porous medium [15] , as well as spinodal decomposition of spin systems and binary alloys in the presence of random fields [16] . Cell-dynamical models have been applied to both magnets and binary alloys with quenched impurities [5, 6] .
In each of these studies, the concentration of impurities (or the distribution of fields, or the boundary that afl'ects the phase separation) does not change with time. While such models may describe many actual situations, one can draw a distinction between these situations and ones in which a time-dependent process competes with the phase-separation process [17] . For example, polymer solutions and polymer blends simultaneously phaseseparating and cross-linking can also display unusually slow kinetics, and in some cases pinning of the structure by the cross-linked network is observed [18, 19] . Chemical reactions such as transesterification of polymer chains, which induces homogeneity and miscibility in polymer blends, can also interfere with phase separation and cause domain growth to be arrested [20] . Pinning has even been observed in the spinodal-like growth of colloidal aggregates [21] .
In an eR'ort to understand the effect of competing processes on the kinetics of spinodal decomposition in such systems, we study a microscopic model (3.2) gives an effective, temperature-dependent interaction energy W,e. Reference [23] showed that although this system is different from the usual Ising lattice gas in that two monomers can interact with one of two possible energies, the equilibrium properties of the system are equivalent to those of an Ising (W, ) interaction energies are taken to be zero, so that in the absence of strong bonds our system is equivalent to a one-component lattice gas. Since the simulations that we consider here were performed on a twodimensional square lattice, we can use Onsager's solution of the Ising model [25] to find the critical temperature T,. where J, ', is the magnitude of the spin-spin interaction energy. The interaction energy in the Ising lattice gas is mapped onto the interaction energy in the Ising model [25] as 4J, ', = J", so for the lattice gas, k~T, = 0.567J".Since our model is a lattice gas with a temperature-dependent interaction energy, T is given by kBT, = 0.567W, tr(T, ). (4.2) This gives, e.g. , k~T = 1.22J for E = 10J and 0 = 1000.
In each of the quenches that we will consider, the system is initially equilibrated at a high temperature T; = 10 J/kB, so that the fraction of strong bonds present before the quench is negligible; consequently, Eq. (3.5) describes the increase in the fraction of strong bonds following an instantaneous quench to temperature Tg in the unstable region. (4.3) where k = 27m/L, L is the linear lattice size.~n1 , 2, . . . . L/2, and X is the number of scatterers (monomers) on the lattice [2, 7] Fig. 8 s11ows the time dependence of the first moinent of S(k) for a quench &om T = 10J/kz to Tq = 0.82T, for a system with J = 1, E = 10J, and 0 = 1000. At this quench temperature, the system crosses over to pinned behavior on a time scale set by 0, but crosses over to unpinned behavior on a time scale set by exp[(E -J)/T], which in this case is of the order of 8000 MCS (Monte Carlo steps). Thus it is important to point out that, although on the time scale of our simulations the microphase-separated system appears "&ozen, " it is not in equilibrium, and will continue to phase separate on an extremely long time scale associated with the time it takes for the bonds to achieve their equilibrium distribution at the quench temperature and break and form many times. While the time scale for the formation of the strong bonds, and hence the onset of the pinning, is set predominantly by 0, this longer time scale is controlled more by the magnitude of E relative to J and T.
V. THEORY
To understand the mechanism governing the pinning as well as ta predict the pinrung exponents P and @, we propose that the pinning of a typical growing domain of Because the equilibrium properties of our system are known to be identical to the equilibrium properties of an Ising lattice gas, we know that the system must eventually phase separate into two coexisting phases with equilibrium concentrations given by the points on the coexistence curve at Tg. However, for this to occur, the strong bonds must form and break many times and achieve "bond equilibrium, " thereby allowing the monomers to (6.2) Therefore it is natural to associate the rate constant, b(T), with 1/0, and thereby explicitly map, e. g. , the domain size dependence on 0 to the domain size deperidence on quench depth. Indeed, when the temperature in the experiments is related to our 0, the similarity between our results and those of Bansil et al. [18] becomes striking. In those experiments, it was found that gelation always precedes pinning of the phase-separating structure; with our interpretation of the strongly bonded Ilionomers as representing cross-links which are part f&II' the spanning network, we necessarily find that gelat, iori precedes pinning in our model as well.
The agreement between these experimental data and our simulations supports other evidence that many gels are not in true thermodynamic equilibrium, but are ill long-lived, nonequilibrium states [31] . We emphasize that typical experimental times during which gelation experiments such as that mentioned above are performed may be comparable to the time regime in which our simulations are performed.
One other aspect of our model that deserves a rarefiil discussion is the relation which may exist between our strorig bonds iri the limit of F &&,I and quenched impurities as investigated in other lattice models. We iildeed find that there is a strong connection between our nlodel and models used to study ordering of binary alloys in the presence of quenched impurities [4] . ln these IIlodels. impurities are placed orl a lattice with a conreiit, ratioll c equal to the total number of impurities divided by the total number of lattice sites. It would be interesting to focus further on the region that exists in the temperature range above T, and below T,. A system quenched to a temperature in this region will not undergo spinodal decomposition at Grst, since the quench temperature is above the critical temperature known to the system at t = 0 and therefore initially stable. However, as the system equilibrates, strong bond formation will raise the efFective energy and hence lower the effective temperature below T"causing phase separation to occur. Further study of this phenomenon may prove useful in understanding phase separation induced by gelation in polymer systems [29] .
